Pulses of the prostaglandin F2alpha (PGF) metabolite 13,14-dihydro-15-keto-PGF (PGFM) were compared among heifers that were in the preluteolytic, luteolytic, and postluteolytic periods (n ¼ 7 or 8 heifers/period). Hourly blood sampling was done in 18-h sessions 15, 16, or 17 days after ovulation. Hourly sampling and statistical identification of a PGFM pulse allowed novel comparisons of PGFM pulses among the three periods. Each period had a similar number of PGFM pulses (2.3 6 0.2). The pulses were more prominent during the luteolytic period than during the other periods, as indicated by significantly greater concentration for the peak and amplitude between nadir and peak. Significantly more fluctuations that did not meet the definition of a pulse occurred at the beginning of the preluteolytic period and end of the postluteolytic period than during the luteolytic period. The same nadir ended a pulse and began the next pulse in 85% of adjacent pulses. Seven heifers were selected objectively, based on a progesterone concentration .5 ng/ml at Hour À3 (Hour 0 ¼ peak of PGFM pulse) and a progressive decrease in progesterone from Hours À3 to 0. Progesterone increased (P , 0.03) between Hours 0 and 1, remained at a mean plateau at Hours 1 and 2, and then decreased. Results support the hypothesis of a transient intrapulse rebound in progesterone during an individual PGFM pulse, but only during the first portion of luteolysis. These findings should be considered in future proposals on the mechanisms involved in the effects of PGF on progesterone concentrations. corpus luteum, female reproductive tract, ovary, PGFM, progesterone
INTRODUCTION
The luteal phase of the estrous cycle in cattle and many other species is terminated by secretion of prostaglandin F2a (PGF) from the endometrium [1] [2] [3] [4] [5] . The main PGF metabolite in plasma is 13,14-dihydro-15-keto-PGF2a (PGFM) and, owing to a longer half-life, PGFM is often used to represent circulating concentrations of PGF [6] . The temporal association between PGFM pulses and PGF secretion has not been well defined. In cattle, peaks of major pulses of PGF and PGFM during luteolysis occurred concomitantly, based on blood sampling at 4-h intervals [7] . Assay of PGFM concentrations has indicated that PGF is secreted in pulses in association with luteolysis in cattle [8, 9] . The pulsatile release of PGF has been assumed to be an important aspect of luteolysis [9] [10] [11] . The necessity for pulsatile delivery of exogenous PGF in cattle [12, 13] and horses [14] was demonstrated recently; simulation of one PGFM pulse produced only partial luteolysis.
In cattle [12, [15] [16] [17] [18] and horses [14, 19] a bolus luteolytic dose of PGF stimulates a transient progesterone increase within 10 min. However, a similar transient increase in progesterone before the decrease associated with luteolysis was not detected with doses of PGF that required sequential treatment for complete luteolysis or in association with PGF infusion to simulate a PGFM pulse in cattle [12, 13, 20] or horses [14, 19] . These recent studies indicated that reports during the past few decades on the nature of the luteolytic process in cattle and horses may have resulted in dubious interpretations, owing to artifactual or pharmacologic responses to unnatural doses of PGF.
The initial progesterone decrease after a bolus subdose PGF treatment that induces only partial luteolysis is followed by a rebound in progesterone beginning 1 h after treatment; the rebound reaches a maximum 2 or 3 h after treatment, and is followed by a further progesterone decrease [12] . During a 2-h infusion of PGF to simulate a PGFM pulse, the initial progesterone decrease was followed by a rebound after 1 h of infusion [20] . It is not known whether an initial progesterone decrease is followed by a rebound during natural PGFM pulses. The cascade of events between PGF secretion and a progesterone decrease in cattle has been studied [5, 21, 22] , but the progesterone responses during various components of a spontaneous PGFM pulse have not been reported.
In the present study in cattle, PGFM pulses were characterized and compared among the preluteolytic, luteolytic, and postluteolytic periods. In addition, the temporal relationships between PGF secretion and concentrations of progesterone were assessed by normalization to the peak of spontaneous PGFM pulses. The hypothesis was tested that, during a PGFM pulse, a rebound in progesterone occurs after an initial decrease.
MATERIALS AND METHODS

Animals
Holstein heifers, aged 17-20 mo, were used, and remained healthy and in good body condition throughout the experiment. Animals were selected with docile temperament and no apparent abnormalities of the reproductive tract, as determined by ultrasound examinations [23] . If more than one corpus luteum was present, the heifer was not used. The heifers were acclimated to the handling procedures for at least 2 wk before the experiment. The day of ovulation was determined by transrectal ultrasonographic examinations [23] .
Animals were handled in accord with the United States Department of Agriculture Guide for Care and Use of Agricultural Animals in Research.
Blood Sampling
A blood sample was obtained from the tail vein every day from 14 to 18 days postovulation for progesterone assay as an aid in determining, retrospectively, the day of the luteolytic period. Sampling for detection of PGFM pulses was done through an indwelling jugular catheter in sessions of hourly intervals for 18 h on 15 (n ¼ 4), 16 (n ¼ 7), or 17 (n ¼ 11) days postovulation. Only one sampling session was used for each heifer. Progesterone concentrations from the hourly and daily samples were used to retrospectively assign the sessions to the preluteolytic, luteolytic, and postluteolytic periods. The periods were defined by comparison of the mean progesterone concentrations between the first half and second half of the 18-h sessions of hourly samples, aided, when needed, by comparison of the concentration at the beginning of the hourly sampling and 1 day later. A session during the preluteolytic period was defined by a lower mean progesterone concentration during the first half than during the second half of the session, and concentrations in individual heifers at each hour that were .4 ng/ml throughout the session. This definition was based on the continuing day-to-day increase in progesterone in cattle before the beginning of luteolysis [24, 25] . The division between the luteolytic and postluteolytic periods was based on a progesterone concentration of 1 ng/ml [9, 26] . Therefore, the luteolytic period was defined by a progesterone concentration !1 ng/ml at the first hourly sampling, and the postluteolytic period by concentrations ,1 ng/ml throughout the hourly sampling session. In addition, assignment of an individual to the luteolytic period required a greater mean progesterone concentration during the first half than during the second half of the sampling session.
At 0800 hours on the designated day of the hourly sampling session, an indwelling catheter was placed into a jugular vein, as previously described [27] . Heifers were sedated before catheterization with 14 mg/heifer (i.m.) of xylazine hydrochloride (AnaSed Injection; Akorn Inc., Decatur, IL). Xylazine sedation produces hemodynamic effects when assessed in a major artery (internal iliac), but does not affect local vascular perfusion in the ovaries [28] . The hourly sampling session began at 0900 hours. A total of 19 hourly samples was collected for each 18-h session to use in determining the period relative to luteolysis and the location of PGFM pulses. Heifers were given access to water and hay between collections of samples. Treatment with a sedative and head restraint, either by a stanchion or halter, were not used, except during insertion of the intravenous catheter.
PGFM Pulses
A sampling interval of 1 h has been recommended for detection of PGFM pulses in cattle [8] , and was used to detect the PGFM pulses within each sampling session. A transient PGFM increase with a total of at least four values, including the nadirs, with a progressive increase on the ascending arm and progressive decrease on the descending arm, was statistically differentiated into a pulse or a fluctuation (Fig. 1) . When the coefficient of variation (CV) of the values composing the ascending arm, peak, and descending arm of the transient increase was at least three times greater than the mean intraassay CV, the increase was defined as a PGFM pulse. If the CV was less than three times greater than the mean intraassay CV, the increase was defined as a fluctuation. This approach has been used to differentiate hormonal pulses from extraneous fluctuations for follicle-stimulating hormone [29, 30] and PGFM pulses [31] in mares and PGFM pulses in heifers [26] . Pulses of PGFM with a peak at the beginning or end of a session were included in the analyses of pulses only if they were preceded or followed, respectively, by at least one lower value. The first and last samples of a session were not used to calculate nadir concentrations. The hour of the peak of CV-identified PGFM pulses (Hour 0) was used for normalization and evaluation of progesterone concentrations from Hours À3 to 3. Some PGFM data for Hours À3, À2, 2, or 3 were not available, owing to the minimal requirement of only four values per pulse. The PGFM concentrations of pulses were compared between the first and last pulse of a session within the preluteolytic, luteolytic, and postluteolytic periods.
The overall mean concentrations of PGFM, the number of CV-identified PGFM pulses, and the number of fluctuations per session were compared among periods. For the PGFM pulses, the overall mean, mean at peaks, and mean at nadirs were determined. Evaluations of nadirs considered the lowest values that began the ascending arm and ended the descending arm of each identified pulse. The identified pulses were compared among periods for concentration at the first peak per session, last peak per session, amplitude (difference between peak and nadir at the beginning of a pulse), and CV for the values defined as constituting a pulse (minimum of four values). Comparisons between periods were also made for the interval between the peaks of adjacent pulses, the interval between internal nadirs (nadirs at the beginning and end of a pulse), and the interval between external nadirs (nadirs at the end of a pulse and the beginning of the next pulse). When the nadir following a pulse was also the nadir preceding the next pulse, an external nadir-to-nadir interval was taken as 0; when the two nadirs were at consecutive hours, the interval was taken as 1. The analyses for differences among periods used the mean value per session when more than one value was involved per session.
Blood Samples and Hormone Assays
Blood samples were collected into heparinized tubes and immediately placed in ice water for 10 min before centrifuging (2000 3 g for 10 min). The plasma was decanted and stored (À208C) until assay. Plasma progesterone concentrations were measured using a solid-phase radioimmunoassay kit containing antibody-coated tubes and 125 I-labeled progesterone (Coat-A-Count Progesterone; Diagnostic Products Corp., Los Angeles, CA). The procedure has been validated and described in detail for bovine plasma in our laboratory [26] .
FIG. 1.
Concentrations of PGFM in individual heifers during the preluteolytic, luteolytic, and postluteolytic periods to illustrate the method of identifying PGFM pulses. A suspected pulse was evaluated when at least four consecutive values were present with at least one value on each side of the suspected peak. The lines beneath the data encompass the values that were used to determine whether the CV for the suspected pulse was three times greater than intraassay CV (the statistical definition of a pulse). N ¼ nadir for accepted pulses; NP ¼ nonpeak for pulses that were not accepted; P ¼ peak for accepted pulses.
The intra-and interassay CV and sensitivity were 5.6%, 7.7%, and 0.03 ng/ml, respectively.
The plasma samples were assayed for PGFM by an enzyme immunoassay that was developed in our laboratory for use in bovine and equine plasma. PGFM (catalog no. D4143; Sigma-Aldrich Chemical Co., St. Louis, MO) was used to prepare standards and the PGFM-horseradish peroxidase (HRP) conjugate. The secondary antibody (goat anti-rabbit) was purchased (catalog no. ab6702; Abcam Inc., Cambridge, MA), and the primary antibody (Rabbit anti-PGFM; J57) was a gift from Dr. W.W. Thatcher, University of Florida. Briefly, the PGFM-HRP conjugate was prepared as previously described [32] , with modifications. The PGFM (1 mg) was dissolved in 200 ll of dioxane (Fisher Scientific, Fair Lawn, NJ) before addition of 5 ll tributylamine (SigmaAldrich) and 2.6 ll isobutyl chloroformate (Sigma-Aldrich), and incubated at 10-158C for 30 min. The HRP (15 mg; Type I; Sigma-Aldrich) was dissolved in 700 ll of a 1:1 mixture of dioxane and 0.5% sodium bicarbonate solution. The PGFM solution was added slowly to the HRP solution dropwise under constant stirring, and incubated at 48C for 2 h under constant stirring. To remove free PGFM, the PGFM-HRP conjugate solution was dialyzed using a 10-kDa Slide-A-Lyzer dialysis cassette (Thermo-Fisher, Rockford, IL) against 1 L PBS (0.01 M [pH 7.4]) for 48 h with a change of buffer every 12 h. A PD 10 column (Sephadex G25; Sigma-Aldrich) was washed with 30 ml PBS and then saturated with 5 ml of 2% BSA in PBS, and finally washed with 50 ml PBS at 48C. The conjugate solution was removed from the dialysis cassette, added to the sephadex column, and immediately collected in 1-ml fractions into 30 tubes. To check the peroxidase activity in each fraction, 10 ll solution was transferred in duplicate from each fraction into an ELISA plate, and 125 ll of substrate solution (0.05 M sodium acetate, 0. For the assay, the ELISA plates were coated with 100 ll secondary antibody (2 lg/ml) in coating buffer (0.05 M sodium carbonate [pH 9.6]) overnight. Standards were prepared by serial dilution (10 000 to 19.5 pg/ml) of PGFM in prostaglandin-free (banamine-treated) bovine plasma [26] . Aliquots of 250 ll of standards (including 0 standard and nonspecific binding [NSB] ) and quality control and unknown samples were transferred to glass extraction tubes, and pH was adjusted to 3.0 with dilute hydrochloric acid. All the samples were extracted with 2 ml of diethyl ether by vortexing for 1 min, and the decanted ether extracts were dried overnight. On the day of assay, 250 ll of ELISA assay buffer (0.04 M MOPS, 0.12 M sodium chloride, 0.01 M EDTA, 0.05% Tween 20, 0.005% chlorhexidine digluconate [pH 7.4], 0.1% gelatin) was added to all dried extracts, vortexed for 2 min, and incubated for 1 h at room temperature. The secondary antibody-coated ELISA plates were washed three times with wash buffer, and 100 ll of primary antibody was diluted 1:2000 in ELISA assay buffer and added to all wells, except the NSB wells; the NSB wells received only the assay buffer. The plate was incubated for 1.5 h at room temperature. The plate was washed again three times with wash buffer. Ether extracts (100 ll) of standard, control, and unknown samples in duplicate were transferred to the respective wells. After incubating the plate for 30 min at room temperature and, without washing the plate, 50 ll of the PGFM-HRP conjugate diluted in assay buffer (1:20 000) was added to all wells, and the plate was incubated further for 1 h at room temperature. The plate was washed four times, and 125 ll of substrate solution was added with incubation for 20 min at 378C. A blue color developed due to peroxidase reaction. To stop the reaction, 50 ll of stop solution (0.5 M sulphuric acid) was added to each well, and the optical density was measured at a dual wavelength of 450 and 600 nm. Serial volumes of a pool of bovine plasma (100-7.5 ll) from PGF-treated heifers (containing high PGFM) were processed as for the experimental samples, and resulted in displacement curves that were similar to the standard curve. The intra-and interassay CV values and sensitivity for PGFM were 12.4%, 15.7%, and 7.6 pg/ml, respectively.
Statistical Analyses
Data that were not normally distributed were transformed to natural logarithms or ranks. Individual hormone concentrations were analyzed for the main effect of hour, and hormone comparisons among periods (preluteolytic, luteolytic, and postluteolytic) were analyzed for main effects of hour and period and the interaction. The SAS (Version 9.2) MIXED procedure (SAS Institute, Inc., Cary, NC) was used with a REPEATED statement to account for autocorrelation between sequential measurements. Duncan multiple range test was used to locate differences among periods within an hour when an effect of hour or an interaction was obtained. Comparisons between two hours within a period were examined by Student paired t-tests. Differences among or within periods for the discrete PGFM characteristics were analyzed by ANOVA. Chi square was used for frequency data. A probability of P 0.05 indicated that a difference was significant, and a probability of P .0.05 to P 0.1 indicated that significance was approached. Data are presented as the mean 6 SEM, unless otherwise indicated.
Supplementary Experiment
All heifers that were retrospectively assigned to the luteolytic period were in the last portion of the period, as indicated by a mean progesterone concentration of 2.1 6 0.3 ng/ml at the first hour of sampling, and attainment of ,1.0 ng/ml at 7.7 6 1.8 h after the first hourly sample. Therefore, data were not available for testing the progesterone rebound hypothesis during the initial portion of luteolysis. However, it was observed that an hour-to-hour decrease in progesterone concentrations occurred during Hours À3 to 0 in association with only 3 of 16 PGFM pulses during the preluteolytic period. All three were associated with the last pulse of the session. The progesterone decrease may have represented an initial luteolytic response to a PGFM pulse, even though the session met the criteria for assignment to the preluteolytic period. However, the number of heifers (n ¼ 3) was inadequate for testing the rebound hypothesis. Therefore, hourly plasma samples that were obtained from four heifers in early luteolysis in a reported study [26] were used for progesterone assay. The reported study involved characterization of PGFM pulses, but not the associated changes in progesterone concentrations. Hourly blood samples that were obtained through an indwelling catheter were used as in the present study. Blood samples were collected during 12-h sessions from 15 days postovulation until the corpus luteum regressed, as indicated by the extent of luteal blood flow. The four heifers for the supplementary experiment were in the early portion of luteolysis, as previously defined [26] . Early, rather than late, luteolysis also was indicated by a progesterone concentration .5.0 ng/ml at Hour À3 (3 h before the PGFM peak) and a progressive and continuous decrease over Hours À3 to 0 (mean decrease, 29%). The heifers were selected objectively, without consideration of the progesterone concentrations after Hour 0. The progesterone data for these four heifers were combined with the data from the three heifers from the main experiment to further examine the rebound hypothesis. The progesterone concentrations were analyzed as described for the main experiment.
RESULTS
The number of heifers in sessions during the preluteolytic, luteolytic, and postluteolytic periods was seven, seven, and eight, respectively. The session during the preluteolytic period had a greater (P , 0.02) progesterone concentration for the second half of the session (8.4 6 0.6 ng/ml) than for the first half (7.9 6 0.6 ng/ml). In a sole individual with a higher concentration in the first half (8.7 vs. 7.7 ng/ml), the concentration for the daily sample at 15 days postovulation (day that hourly blood sampling was done) was lower than at 16 days. In the sessions in the luteolytic period, progesterone in each heifer decreased from the first sample (mean 2.1 6 0.3 ng/ml) to ,1 ng/ml in a mean of 7.7 6 1.8 h; all sessions were therefore considered to be in the latter portion of the luteolytic period. Each session for the postluteolytic period by definition had progesterone concentrations ,1 ng/ml for each of the samples. Based on the daily progesterone concentrations, the interval from luteolysis to ovulation and the interovulatory interval were longer, and the interval from ovulation to sampling was shorter, in the heifers sampled during the preluteolytic period than in heifers sampled during the other periods (Table 1) .
Progesterone concentrations during the 18-h sessions with hourly sampling are shown (Fig. 2) . The main effects of period and hour and the interaction were significant (P , 0.0001). The hour effect approached significance (P , 0.1) for the preluteolytic period; an increase (P , 0.01) occurred between 0 and 10 h, and a decrease (P , 0.02) between 10 and 18 h. The hour effect was significant (P , 0.0001) for the luteolytic and postluteolytic periods, owing to a more rapid decrease during the first half than during second half of each period. The decrease during these two periods contributed to the interaction PGFM PULSES AND INTRAPULSE CHANGES IN PROGESTERONE among the three periods. A base concentration of approximately 0.3 ng/ml was reached after 6 h of the session for the postluteolytic period.
The number per session of statistically identified PGFM pulses was not different among periods (Table 1) , with an overall average of 2.3 6 0.2 (range, 1-4). The overall mean concentration of PGFM per period and the mean concentration at the peak of the pulses were greater during the luteolytic period, as shown in Table 1 . The concentration at the nadirs did not differ among periods (overall mean, 53.4 6 8.0 pg/ml) or between nadirs at the beginning and end of a PGFM pulse (data not shown). The PGFM concentration for the peak of the first pulse and last pulse per session, and the amplitude and CV averaged over all pulses, were greater for the luteolytic period. The interval between the peaks of consecutive pulses and the interval from the nadirs at the beginning and end of a pulse (internal nadir interval) were greatest during the luteolytic period. However, the internal nadir interval for the postluteolytic period was intermediate and not significantly different from the other two periods. The interval from the ending nadir of a pulse to the beginning nadir of the next pulse (external nadir interval) did not differ among periods (overall mean, 0.3 6 0.3 h).
The hours for completion of the ascending arm (nadir through peak) and the descending arm (peak through nadir) of the PGFM pulses showed a main effect (P , 0.003) of arm (3.3 6 0.1 h and 4.1 6 0.2 h for ascending and descending arms, respectively), and an arm-by-period interaction (P , 0.02). The interaction represented a greater (P , 0.05) length of the descending arm for pulses in the luteolytic period than for the ascending arm in each of the three periods (Table 1 ). In addition, the descending arm was longer (P , 0.05) for the luteolytic period than for the preluteolytic period, and the postluteolytic period was intermediate. The PGFM fluctuations that encompassed at least four values, but with a CV too small to meet the definition of a pulse, occurred in significantly more heifers at the beginning of a sampling session in the preluteolytic period and at the end of the session in the postluteolytic period. The profiles of the first and last PGFM pulses and associated progesterone concentrations of the sessions for each period are shown in Figure 3 , except that the PGFM pulse and associated progesterone of the preluteolytic period is shown only for the last pulse of the session. The first pulse of the preluteolytic period was not included in Figure 3 , owing to availability of a first pulse for only three heifers. Four heifers were not used for this purpose for the reasons that 1) only one pulse was detected (n ¼ 3) and 2) the first pulse was part of a cluster of three pulses, with peaks that were separated by only 2 h, thereby obscuring the effect of a single pulse on progesterone (n ¼ 1). In the luteolytic period, the main effect of pulse approached significance (P , 0.08), and the effect of hour was significant (P , 0.0001); the interaction was not significant. In the postluteolytic period, the main effect of pulse (P , 0.007) and hour (P , 0.001) were significant, and the interaction approached significance (P , 0.1); the pulse effect was a result of greater concentrations averaged over hours for the first pulse of the session (207 6 72 pg/ml) than for the last pulse (105 6 28 pg/ml). A significant effect of hour for each period was expected, owing to the definition of a PGFM pulse.
Progesterone did not change significantly during the PGFM pulse of the preluteolytic period, and decreased progressively during the first (P , 0.002) and last (P , 0.05) pulses of the luteolytic period and during the first pulse (P , 0.05) of the postluteolytic period (Fig. 3) . The progesterone concentrations associated with PGFM pulses that were selected for associations with a progressive decrease in progesterone between Hours À3 to 0 for the main, supplementary, and combined experiments are shown in Figure 4 . The hour effect for progesterone was significant (P , 0.0001) for the main experiment, approached significance (P , 0.07) for the supplementary experiment, and was significant (P , 0.002) for the combined experiments. An increase between Hours 0 and 1 approached significance for the main experiment (P , 0.1) and the supplementary experiment (P , 0.07), and was significant for the combined experiments (P , 0.03).
DISCUSSION
The retrospective assignment of heifers to preluteolytic, luteolytic, and postluteolytic periods by considering daily and hourly progesterone concentrations seemed effective. The use of 15, 16, or 17 days after ovulation for the hourly sampling sessions, without knowledge of the day of luteolysis in each heifer, and the use of only one session per heifer, accounts for the longer interovulatory interval and the shorter interval from ovulation to the beginning of the 18-h sessions that were assigned to the preluteolytic period. Each of the heifers during the luteolytic period was late in the period, as indicated by a mean progesterone concentration at the first hour of the session of 2.1 ng/ml, compared with means ranging from 7.1 to 9.6 ng/ ml during the preluteolytic period. Furthermore, progesterone concentrations in each heifer in the luteolytic period decreased to ,1 ng/ml in an average of 8 h after the beginning of the sampling session. The absence of sessions during the early   FIG. 3 . Mean 6 SEM concentrations of PGFM and progesterone for 18-h sampling sessions during PGFM pulses of the preluteolytic, luteolytic, and postluteolytic periods. The first pulse of the preluteolytic period is not included, owing to an inadequate number (n ¼ 3) of heifers with two PGFM pulses. For the luteolytic and postluteolytic periods, a significant effect of a PGFM pulse (first vs. last of the session) or a significant interaction of pulse and hour within each period represented a greater concentration for the first pulse of the session than for the last pulse. Progesterone did not change significantly for the preluteolytic period, and decreased significantly for the luteolytic and postluteolytic periods.
portion of luteolysis in 7 of 7 heifers in the luteolytic period may have been by chance, or may have been a reflection of diurnal variation in the hours of the onset of luteolysis, given that all sampling sessions extended from 0900 h to 0300 h the next day. Information on diurnal variation in the onset of luteolysis was not found in the literature for any species, and on diurnal variation in circulating progesterone concentrations was not found for heifers or cows. Diurnal variation in progesterone has been reported for mares [33] and ewes [34] . The lowest concentration occurred during the day.
Reported characterizations of PGFM pulses have been limited by the sampling of two or three cows at intervals of 1 h [8, 9] or 2 h [35] , or by sampling at an interval of 4 h [7] . The present experiment provided hourly samples for sessions of 18 h in 7 or 8 heifers during each of the preluteolytic, luteolytic, and postluteolytic periods. The hourly samples, strict criteria for locating a potential PGFM pulse, and statistical definition of a pulse allowed novel comparisons of PGFM pulses among and within the defined periods. Thus, these results can be considered in future proposals on the mechanisms that control PGF secretion and the characteristics of PGFM pulses, and especially for the differences in characteristics of pulses among periods relative to the time of luteolysis. Although the number of CV-identified PGFM pulses was not different among the sessions for the three periods, more PGFM output was associated with the sessions during the luteolytic period than during the preluteolytic and postluteolytic periods. This conclusion was supported by the greater mean concentration per session, greater overall average concentration per pulse, greater concentration at the peak averaged over all peaks and at the first peak and last peak of the sampling session, and greater amplitude and greater CV for the values that comprised a pulse. The conclusion is also compatible with more fluctuations that did not meet the CV definition of a pulse at the beginning of sessions in the preluteolytic period and end of sessions in the postluteolytic period. Thus, the mechanisms that stimulate PGF secretion were more effective during the luteolytic period. The longer peak-to-peak and internal nadir intervals and the longer descending arm of pulses during the luteolytic period also indicated that a change occurred during the luteolytic period in the mechanisms that controlled the secretion of PGF, as determined by PGFM pulses.
The less prominent pulse in the later portion of the sessions in the luteolytic and postluteolytic periods is consistent with the less prominent pulses when progesterone reached ,1 ng/ml. In mares, 17% of PGFM pulses in the postluteolytic period were so prominent that they were statistical outliers [31] . Similar exaggerated pulses did not occur in the heifers during the sessions in the postluteolytic period or after progesterone reached ,1 ng/ml in the luteolytic period. A striking finding that should also be considered in future proposals on the mechanisms that control PGF secretion was the frequent occurrence of a common nadir between adjacent PGFM pulses for all periods, so that the mean interval between the nadir that ended a pulse and the nadir that began the next pulse was less than 1 h. A common nadir (external nadir interval of 0 h) occurred in 17 of 20 adjacent sets of pulses.
Conclusions on the failure to detect changes in progesterone concentrations within the last or sole PGFM pulse of the preluteolytic period should be guarded. The study was not designed to provide adequate numbers for consideration of the interval from the preluteolytic period to the beginning of luteolysis. Examination of the progesterone concentration in the samples collected every 12 h indicated that the preluteolytic period varied from 1 to 4 days before the beginning of luteolysis. As defined by the criteria for assignment of bloodsampling sessions to the preluteolytic period, progesterone concentration was lower during the first half of a session than during the second half, consistent with increasing progesterone in cattle until luteolysis begins [24] , and was .4 ng/ml in all individual samples. Despite the greater progesterone concentration during the second half of the session, a decrease occurred between 10 and 18 h after the beginning of the sampling session. This decrease may have reflected the apparent beginning of luteolysis in three heifers, despite their assignment to the preluteolytic period. These were the only pulses of the sessions during the preluteolytic period with a progressive decrease in progesterone during Hours À3 to 0 relative to the peak (Hour 0), and all three occurred during the last identified pulse.
The three heifers with the initial decrease in progesterone at the last or only PGFM pulse of the preluteolytic period were used to test the hypothesis that progesterone concentration transiently rebounded during a PGFM pulse. An increase in progesterone between Hours 0 and 1 only approached significance, which may have reflected the small number of heifers. Therefore, four heifers with a progesterone decrease between Hours À3 and 0 were taken from a group of 12 heifers from a previous study (supplementary experiment). The rebound in progesterone between Hours 0 and 1, when the 3 heifers from the main experiment and the 4 heifers from the supplementary experiment were combined, supported the rebound hypothesis. Although the additional progesterone 1054 samples were from taken from a previous study, the samples were selected objectively only on the basis of a progesterone decrease at Hours À3 to 0 of a PGFM pulse and a concentration of .5 ng/ml at Hour À3. In individual heifers, an increase in progesterone concentration after Hour 0 occurred at both Hours 1 and 2 (n ¼ 4), at only Hour 1 (n ¼ 1) or Hour 2 (n ¼ 1), or did not occur (n ¼ 1). The heifer without a rebound had the lowest concentration at Hour 0. In this regard, progesterone decreased gradually and progressively from 1.8 to 0.9 ng/ml during Hours À3 to 3 of the first PGFM pulse of the sessions during the luteolytic period, with no indication of a rebound after Hour 0; the luteal cells or associated vasculature may have been too far regressed to respond with a progesterone rebound after the peak of a PGFM pulse. These results indicate that a progesterone rebound during Hours 1 and 2 of a PGFM pulse occurred only during the first portion of luteolysis. A rebound was not detected when the concentration at Hour À3 was ,2 ng/ml.
A rebound in progesterone concentration has been observed 2 or 3 h after a single dose of PGF or PGF analogue that caused complete luteolysis [16, [36] [37] [38] . However, excessive doses of PGF stimulate nonphysiologic progesterone responses in cattle [12] and horses [19] . In a recent study [13] , a transient rebound in progesterone concentration occurred 2 or 3 h after treatment in response to a PGF bolus intrauterine injection of 0.25 or 1.0 mg that induced partial luteolysis. A rebound did not occur with a dose (4 mg) that induced complete luteolysis, and the rebound was greater as the dose decreased. Simulation of a PGFM pulse by constant infusion of a total of 0.5 mg of PGF during 2 h resulted in an initial progesterone decrease, followed by a rebound after 1 h of the 2-h infusion [20] . The rebound peaked at 3 h, and then began to decrease. The simulated pulse involved a PGFM increase to maximum during the first 45 min, followed by a plateau during the remaining 2 h that was similar to the concentration during the three maximum concentrations during a natural pulse [12, 13] . However, the simulated pulse did not mimic the gradual incline and decline of a natural pulse, and was given at an unnatural time (9 or 10 days postovulation) relative to the time of natural luteolysis. Therefore, the progesterone rebound in the reported studies may not have represented a physiologic response. The present experiments indicate that the rebound phenomenon occurs naturally, beginning at the peak of a spontaneous PGFM pulse, if the corpus luteum has not reached the latter portion of luteolysis. Future proposals on the mechanism of luteolysis in cattle should be compatible with the distinctive natural rebound in progesterone production while the corpus luteum is exposed to the decreasing PGF concentrations indicated by the descending arm of the PGFM pulse.
The mechanism and physiological role for the rebound is not known, but may be related to the decreasing effect of PGF on progesterone, as represented by the descending arm of the PGFM pulse, or to a temporally associated increase in blood flow in the corpus luteum. Blood flow increases concomitantly with the ascending arm of a PGFM pulse during luteolysis, reaches maximum at the PGFM peak, remains at maximum for 2 h, and then decreases [26] . Circulating concentration of nitric oxide (NO) is elevated for 2-3 h after a bolus treatment with a luteolytic dose of PGF [18] . The complex interrelationships in cattle among NO, endothelin 1, angiotensin II, and other factors in luteolysis after PGF treatment, and the acute increase in luteal blood flow, have been reviewed previously [5, 21, 22, 39] . The NO is believed to be the first factor released in the PGF luteolytic cascade, and is a potent vasodilator and increases blood flow; therefore, the NO results are compatible with the 2-h elevation in blood flow after a PGFM peak in cattle [26] , and potentially could be associated with a progesterone rebound after the peak of spontaneous PGFM pulses. However, it is emphasized that the production of NO during a natural PGFM pulse has not been demonstrated.
Although a progesterone concentration of ,1 ng/ml was used arbitrarily to separate the luteolytic and postluteolytic periods [9, 26] , the progesterone concentration continued to decrease to a baseline of about 0.3 ng/ml in a mean of 9 h after reaching ,1 ng/ml. Concentrations for the sessions during the postluteolytic period decreased progressively in association with the first PGFM pulse, except in 3 of 8 heifers with progesterone concentration at an apparent baseline at Hour À3 of the PGFM pulse. Concentrations were at apparent baseline in each heifer throughout the last PGFM pulse of the sessions in the postluteolytic period. The pulses of PGFM in the first portion of the defined (progesterone, ,1 ng/ml) postluteolytic period may have been involved in the continued decrease in progesterone until the baseline of 0.3 ng/ml was reached. In the early portion of the luteolytic period, progesterone concentrations decreased during the ascending arm of a PGFM pulse and rebounded during the descending arm. In the latter portion of the luteolytic period (progesterone ,1 ng/ml), progesterone decreased progressively and did not rebound within the hours of a PGFM pulse.
In conclusion, hourly blood samples were collected during 18-h sessions 15-17 days after ovulation. The sessions were retrospectively assigned to preluteolytic, luteolytic, and postluteolytic periods on the basis of progesterone concentrations. Although the number of statistically identified PGFM pulses was not different among the three 18-h sessions, more PGFM output was associated with the luteolytic period than with the preluteolytic and postluteolytic periods. A striking finding was the frequent (85%) occurrence of a common nadir between adjacent PGFM pulses for all periods. Progesterone decreased gradually and progressively during the first PGFM pulse of the session for heifers in the latter portion of the luteolysis and in the postluteolytic period. In heifers in the early luteolytic period with a consistent progesterone decrease at Hours À3 to 0 of a PGFM pulse (Hour 0 ¼ peak of pulse), progesterone significantly increased after Hour 0, remained elevated until Hour 2, and then decreased. These results support the hypothesis of an intrapulse rebound in progesterone after a progesterone decrease during a natural PGFM pulse. A conceptual diagram of the relative prominence of PGFM pulses and the associated temporality with progesterone concentrations during 18-h sessions in the defined preluteolytic, luteolytic, and postluteolytic periods is shown in Figure  5 . These results should be considered in future proposals on the mechanisms involved in the effect of PGF on progesterone concentrations.
